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microRNA-17 regulates the expression

of ATG7 and modulates the autophagy process,

improving the sensitivity to temozolomide
and low-dose ionizing radiation treatments
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ATG7 is a key autophagy-promoting gene that plays a critical role in the regulation of cell death and survival of various
cell types. We report here that microRNAs (miRNAs), a class of endogenous 22-24 nucleotide noncoding RNA molecules
able to affect stability and translation of mMRNA, may represent a novel mechanism for regulating ATG7 expression and
therefore autophagy. We demonstrated that ATG7 is a potential target for miR-17, and this miRNA could negatively
regulate ATG7 expression, resulting in a modulation of the autophagic status in T98G glioblastoma cells. Treatment of
these tumor cells with the miR-17 mimic decreased, and with the antagomir increased, the expression of ATG7 protein.
Dual luciferase reporter assay confirmed that a specific miR-17 binding sequence in the 3'-UTR of ATG7 contributed to
the modulation of the expression of the gene by miR-17. Interestingly, our results showed that anti-miR-17 administration
activated autophagy through autophagosome formation, as resulted by LC3B and ATG7 protein expression increase, and
by the analysis of GFP-LC3 positive autophagosome vesicles in living cells. Furthermore, the autophagy activation by anti-
miR-17 resulted in a decrease of the threshold resistance at temozolomide doses in T98G cells, while miR-17 modulation
in U373-MG glioblastoma cells resulted in a sensitization to low ionizing radiation doses. Our study of the role of miR-17
in regulating ATG7 expression and autophagy reveals a novel function for this miRNA sequence in a critical cellular event

with significant impacts in cancer development, progression and treatment.

Introduction

Autophagy (from the Greek words for “self” and “eating”), is an
evolutionarily conserved program responsible for intracellular
degradation of proteins and whole organelles such as mitochon-
dria. Autophagy is activated, under normal growth condition, in
response to several stresses (e.g., starvation, hypoxia) by provid-
ing recycled metabolic substrates necessary for survival. Beside
this, autophagy is activated to maintain cellular homeostasis in
numerous pathophysiological processes, such as pathogen infec-
tion, neurodegenerative disorders, aging, myopathies, and can-
cer.”? Briefly, the canonical autophagic pathway is stimulated by
internal and external stimuli, converging on phosphatidylinositol
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3-kinase, protein kinase B, and mTOR (PI3K/Akt/mTOR) axis
and triggering the activity of 34 ATGs.>” The process involves
the formation of double membrane vesicles, namely autophago-
somes, which engulf portions of cytoplasm, mature along the
endocytic pathway, acidify, and eventually fuse with lysosome,
forming autolysosomes and leading to their degradation.*®

In cancer cells, in the attempt to cope with stress conditions
such as low nutrient and oxygen, autophagy is used both as pro-
survival and pro-death mechanism. To date, it is still debated
how autophagy switches between these two cellular fates; prob-
ably, the degradation of cytosol and organelles beyond a certain
threshold, depending on nature and duration of the induced
cellular stress as well as on the involved tumor type, lead to
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the autophagic-related cell death.! Several researches are now
directed toward the dissection of the autophagic pathway in
order to identify novel potential targets, effective in the regula-
tion of the autophagy process, and to enhance the ratio of cell
death induction, combining gene therapy to traditional proto-
cols.”? In particular, microRNAs (miRNAs) are small non cod-
ing RNAs that have been estimated to regulate more than 60%
of all mammal protein-coding genes."” They are mainly known
as cytoplasmic post-transcriptional regulators of gene expression,
inhibiting protein synthesis by base-pairing to target mRNA in
their 3-UTR and leading to mRNA decay or destabilization."
However, several evidences indicate that they act also on different
mRNA regions and different cellular compartments, including
nucleus, either enhancing or suppressing gene expression.'*"
Recently, an increasing number of miRNAs are being char-
acterized to modulate the expression of ATG genes and their
regulators at different autophagic stages: induction, vesicle nucle-

ation, elongation, and completion.'®

7 Nonetheless, despite recent
advances in understanding miRNA regulation of the autophagy
process, several gaps remain.

Following bioinformatics analysis, we identified miR-17-5p
(hereafter miR-17) as a putative modulator of different A7Gs.
This miRNA is part of the miR-17-92 cluster, already known for
its role in tumor development via MYC and E2F1 signals.’2° The
primary transcript of this miR was named “OncomiR-1".?' In par-
ticular, miR-17 was already demonstrated to act specifically at the
G,/S-phase cell cycle boundary, targeting many genes involved
in the transition between these phases.”? However, the functional
involvement of miR-17 in tumor development is still debated,
reporting both oncogenic®?* and tumor suppressive roles.'®*>%¢

In addition, the induction of autophagic cell death (type
IT cell death) by pro-autophagic drugs is an alternative and
emerging concept to trigger glioma cell death and to exploit
caspase-independent programmed cell death pathways for the
development of novel glioma therapies.”” A variety of chemical
or physical treatments, including rapamycin (mTOR inhibitor),
radiation, arsenic trioxide, ceramide, temozolomide, dopamine,
endostatin, the histone deacetylase (HDAC) inhibitors butyr-
ate and suberoylanilide hydroxamic acid, neodymium oxide, the
chemotherapeutic vitamin D analog EB1089, saponins, and res-
veratrol, have been reported to induce autophagy in vitro and
in vivo in certain cancer cells.®® Notably, temozolomide brings
significant therapeutic benefits in glioblastoma treatment and its
cytotoxic activity is exerted through pro-autophagic processes.”

In this work, we demonstrated that the modulation of miR-
17 expression in GBM cells modulated the autophagic level.
Specifically, ATG7 gene was identified as a molecular target of
miR-17. In addition, we demonstrated that autophagy activation,
by means of miR-17 downregulation, leads to further sensitiza-
tion of GBM cells to chemotherapeutic and ionizing radiation
treatments, resulting in reduced long-term tumor cell viability.

Results

Computational identification of miRNAs targeting autophagy-
related genes. According to bioinformatics prediction tools using
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miRWalk software,®® miR-17, already known to be entangled in
tumor development'®***! and demonstrated to be overexpressed
in GBM,* was predicted to target various A7Gs (i.e., ATG2,
ATG4, ATGS, ATG7, ATG10, ATGI2, and ATGI6), suggest-
ing a multiple role in the modulation of the autophagy process.
Next, in refining miR-17 and A7Gs interactions, Miranda target
tool predicted four putative interaction sites between the miR-17
seeding core and the 3-UTR of ATGY transcript, while fewer
complementary sites were predicted for the other A7G genes.

Prediction sites were provided with ranking scores (mirSVR)
and reported in Figure 1A: according to Betel et al.,* these scores
were interpreted as an empirical probability of transcript down-
regulation. In particular, the miR-17 complementary site with
nucleotide coordinates 1218—1243 on A7G7 3'-UTR, showed the
highest ranking score, i.e., mirtSVR = -0.772. Using Targetscan
tool, this site also exhibited the highest probability of conserved
targeting (P = 0.96), as described in Friedman et al."” for con-
served miRNA families. Accordingly, this site was considered for
next experiments as a bona fide target of miR-17 interaction on
the ATG7 transcript and subjected to a validation assay.

miR-17 directly inhibits ATG7 expression by targeting
its 3-UTR region. A luciferase reporter assay was used to test
whether the negative effects of miR-17 on ATG7 were through
directly targeting the above mentioned specific complementary
sequence on the 3-UTR region of the transcript. The schematic
structure of ATG7 3-UTR, the potential miR-17 binding site
and its mutation which disrupts the “seed” region was reported
in Figure 1B. T98G cells were then co-transfected using either a
plasmid vector expressing wild-type ATG7 (pMIRATG7WT) or
its mutated counterpart (p(MIRATG7MUT) and miR-17 precur-
sor moieties (PmiR-17,2.5 wM). A 62.5% and 42.9% reduction of
relative luciferase emission between pMIRATG7WT and pMI-
RATG7MUT transfected cells was scored after 24 and 48 h p.t.,
respectively (P < 0.005). The association of miR-17 and A7G7
transcript in T98G cells was also tested by a RIP-Assay, followed
by real-time PCR detection. Cellular EIF2C2/AGO2-associated
RNA from T98G cultured cells was isolated with RIP-Assay kit
for microRNA coupled with a RIP-certified anti-EIF2C2/AGO2
monoclonal antibody. An equal amount of IgG2a isotype control
was used as a negative control. As reported in Figure 1C, a sig-
nificant enrichment of A7G7 and miR-17 expression, compared
with input and isotype controls was reported within the anti-
EIF2C2/AGO2 immunoprecipitates, using either Protein A or
G sepharose beads. These data suggested that miR-17 directly
targeted the 3-UTR of ATG7 to mediate a repressive effect on
the protein expression.

miR-17 regulates autophagy in T98G cells. In order to verify
the computational prediction above reported, miR-17 expres-
sion was modulated in T98G human glioblastoma cells by in
vitro administration of specific inhibitor (AmiR-17) or precursor
(PmiR-17) miRNA molecules at 2.5 M concentration and these
assays were compared with untreated endogenous miR-17 levels.
In general, the transfection of these molecules, did not signifi-
cantly affect cell viability and morphology, even at different post-
transfection (p.t.) times and concentrations (data not shown).
At 48 h p.t. the levels of miR-17 expression were specifically
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Figure 1. Sequence alignment prediction between miR-17 and ATG7 and validation assays. (A) miRanda predicted miR-17 targets (squares) within the
3'-UTR region (with nucleotides coordinates) of human ATG7 sequence (NM_006395). miRanda likelihood of miR-17-mediated mRNA downregulation
scores (mirSVRs) are reported. (B) Nucleotide alignments between miR-17 seed sequence and ATG7 wild-type and mutated sequences, respectively
cloned into pMIRATG7WT and pMIRATG7MUT vectors (see Materials and Methods) (top); results of the luciferase reporter assay at 24 and 48 h post-
transfection (p.t.) in T98G cells are expressed as relative luciferase units (left); results were normalized to pMIR-REPORT vector (vehicle) transfections.
(€) Real-time PCR quantitative expression levels of miR-17 and ATG7 in T98G cells, from a RIP-assay using EIF2C2/AGO2-co-immunoprecipitated RNA,
described in Materials and Methods; controls are represented by mock (input) and IgG isotype RNA samples. Expression levels are normalized to
miR-17 and ATG7 expression levels of input samples. RIP-assay is performed using Protein A (top) and G sepharose matrices (bottom). Results of three
independent replicas are indicated with error bars. *P < 0.005, **P < 0.001.
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Figure 2. miR-17 modulation of ATG7 and LC3B expression in T98G cells. (A) Relative expression of miR-17 (Real-time PCR) and ATG7 protein (immu-
noblotting), in T98G cells, transfected with miR-17 specific inhibitor (2.5 M) and precursor molecules (2.5 M) evaluated at 72 h p.t. Data are normal-
ized using B-Actin mRNA/protein levels. (B) LC3B protein expression after miR-17 inhibitory or precursor treatments (as above) in absence/presence
of BafilomycinA1 (10 nM). LC3B-Il expression levels were calculated normalizing LC3B-II to B-actin expression, according to the current autophagy
guidelines.* Protein expression and densitometric analysis using ImagelJ tool are evaluated at 72 h p.t. Results of three independent experiments are

evaluated by Real-time PCR. As reported in Figure 2A, a sig-
nificant decrease of miR-17 expression was observed after AmiR-
17 transfection (P < 0.005); differently, an increase in miR-17
expression was scored after PmiR-17 administration (P < 0.005).
Following the above mentioned treatments, miR-17 variations
significantly altered ATG7 protein expression compared with
mock untreated cells (P < 0.001; Fig. 2B). Then, T98G cells, sub-
jected to the above mentioned miR-17 modulations, were assayed
for the autophagy process activation, by means of the expression
of the well-established autophagosome marker, i.e., light chain
microtubule associated protein 3 (LC3B).%3 As previously stated,
during autophagy LC3B-I proteins are processed, conjugated
with phosphatidilethanolammine and recruited to the autopha-
gosomal membrane as LC3B-II isoforms, therefore the amount of
LC3B-II correlates with the number of autophagosomes. Here,
LC3B-II expression was evaluated and it increased sensibly after
AmiR-17 administration, while it decreased with PmiR-17 treat-
ment (Fig. 2C, darker bars). Given that LC3B-II isoform may
be ectopically generated in an autophagy-independent manner,
to discriminate among the different LC3B-II endogenous forms,

www.landesbioscience.com

BafilomycinAl (BafAl, 10 nM) was directly added in cultured
T98G cells, previously transfected with miR-17 inhibitors or
mimics molecules. BafAl promotes accumulation of autophagic
vacuoles, preventing fusion between autophagosomes and lyso-
somes, thus inhibiting LC3B-II degradation by acidic organelles.
Accordingly, different amount of LC3B-1I protein levels, in pres-
ence or absence of lysosomal inhibitors represent the amount
of LC3B-II that is delivered to lysosomes for degradation (i.e.,
autophagic flux).® As a result, in a similar trend of ATG7 protein
expression, the in vitro incubation with BafAl further increased
LC3B-II levels in AmiR-17 transfected cells, whereas LC3B-II
significantly decreased after PmiR-17 transfection coupled with
BafA1l administration (2 < 0.001). To further evaluate the modu-
lation of the autophagy process by miR-17 in T98G cells, a well-
established autophagy inducer rapamycin was administered at
different concentrations (50-100 nM), after separate transfec-
tions of AmiR-17 or PmiR-17 molecules, at 2.5 wM concentra-
tion each. As we previously reported in T98G cells,** rapamycin
administration was able to block mTOR kinase activity, decreas-

ing the phosphorylation of the mTOR-substrate p70S6K, enabling
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Figure 3. Combined effects of rapamycin and miR-17 inhibitor/precur-
sor administration in T98G cells on LC3B and ATG7 protein expression.
To evaluate the autophagy process activation by miR-17 modulation in
T98G cells, rapamycin is administered at different concentrations (50—
100 nM), after separate transfection of AmiR-17 or Pmir-17 molecules, at
2.5 uM concentration. LC3B-Il and ATG7 protein expression, followed
by densitometric analysis using ImageJ software, are evaluated after
72 h p.t. LC3B-Il expression levels are calculated normalizing LC3B-Il to
B-Actin expression, according to the current autophagy guidelines.?
Data are normalized using B-Actin protein levels and referred to mock
untreated samples.

Ulk1/2 complex activation and autophagosome initiation. As
reported in Figure 3, both rapamycin administration and AmiR-
17 transfection alone promoted ATG7 and LC3B-II expression
increase, compared with mock untreated samples. However, the
most effective increase in ATG7 and LC3B-II proteins expression
was scored after rapamycin administration (100 nM). To note,
the combined treatment of AmiR-17 and rapamycin did not give
any cumulative effects in terms of ATG7 and LC3B-I1 expression
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variations. However, as above described, miR-17 modulation sig-
nificantly affected ATG7 and LC3B expression in T98G cells.
To directly visualize in T98G living cells the activation of the
autophagy process through the formation of autophagosomes, the
Premo Autophagy Sensor (LC3B-FP) BacMam 2.0 system was
employed. Briefly, LC3B-FP and LC3B(G120A)-FP viral vectors
(each at MOI = 30) were transduced into T98G cells, enabling
the expression of fluorescent LC3B protein, and consequently,
monitoring of autophagosomes dynamics using an inverted fluo-
rescent microscope in real-time analysis. The mutant chimera
LC3B(G120A)-FP was employed as a negative control. In this
construct, a G120A mutation prevents LC3B-I cleavage and its
subsequent lipidation, thus showing a cytosolic and diffuse pro-
tein localization. Thus, transduced T98G cells were transfected
with AmiR-17 or PmiR-17 molecules (2.5 wM) and treated with
rapamycin (0-50-100 nM). After an incubation of additional
24 h, DIC phase contrast-fluorescent photographs were recorded.
According to the results reported in Figure 4, it was evident that
BacMam LC3B (G120A)-FP transduced cells showed a marked
cytosolic and diffuse expression pattern; moreover, untreated or
PmiR-17 transfected LC3-FP expressing cells, presented only few
fluorescent vesicles; differently, T98G cells treated with miR-17
inhibitor (AmiR-17), presented an extensive punctate fluorescent
distribution pattern, suggesting LC3B-FP protein accumulation
in nascent autophagosomes. In addition, rapamycin administra-
tion increased LC3B-FP signals, further enforcing the punctu-
ated pattern of LC3B-FP in AmiR-17 transfected cells. Statistics
on vesicles area and numbers in T98G transfected cells, exposed
to the above mentioned rapamycin doses and AmiR-17 or PmiR-
17 transfection, were calculated using the AUTOCOUNTER
Image] Javascript tool:* according to these analyses, AmiR-17
administration induced a significant increase in the autophagic-
like vesicles areas, particularly within rapamycin-treated cells
(P < 0.005), rather than a direct increase in their total number
within the cells (Fig. 5).

miR-17 downregulation induces TMZ toxicity in T98G
cells. The chemotherapeutic approach for malignant gliomas,
that is TMZ, at clinically achievable doses, is proved to exert its
anticancer activity inducing autophagy.’* However, T98G cells,
differently to most of human glioblastoma cell lines, have been
found resistant to the TMZ-induced toxicity.?® Here, to increase
the efficacy of TMZ in T98G cells, miR-17 was downregulated,
using AmiR-17 (2.5 wM) interference, 24 h before different
TMZ treatments (250-500-750 wM). Next, the ability of the
combinatorial treatment to enhance TMZ-mediated cell death
was examined. Short and long-term viability, assessed respec-
tively by MTT and clonogenic assays, were evaluated. While
short-term viability did not evidence clear TMZ and AmiR-17
pro-death combinatory effects (Fig. 6A), long-term viability
assays showed a marked decrease at the lowest TMZ concen-
tration combined with AmiR-17 administration (? < 0.001).
Differently, using a high TMZ concentration (500 wM), the re-
plating efficacy was already almost null (Fig. 6B). In Table S1,
the long-term survival statistics were reported, along with TMZ
and AmiR-17 administration doses. To verify the involvement
of autophagy on the detected long-term viability decrease, the
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Figure 4. Autophagosomal LC3-FP expression in T98G cells after rapamycin and miR-17 inhibitor/precursor administration. T98G cells are transduced
=30 each), and after 24 h treated with rapamycin (0-50-100 nM) or transfected
with AmiR-17 or PmiR-17 (2.5 wM each). LC3B-FP or LC3B (G120A)-FP expression are analyzed after additional 24 h. For DIC phase contrast-fluorescent
photographs an inverted microscope (Eclipse TS100, Nikon) with 40x magnification is employed. Scale bar, 10 M.

expression of LC3B-II autophagic marker as well as ATG7 was
evaluated, in combination with TMZ administration. As shown
in Figure 6C, ATG7 expression generally increased after TMZ
administration, with, however, a maximum relative expres-
sion at 500 wM; when combined with AmiR-17 transfection,
ATG7 increased independently of TMZ as well as with TMZ
at 250 wM dosage. Differently, in mock not-transfected cells,
LC3B-II expression increase was proportional to TMZ treat-
ment, following a clear linear trend, while the additional AmiR-
17 treatment independently re-enforced the LC3B-II increased
expression in a dose-independent manner.

www.landesbioscience.com

Anti-miR-17 treatment induces low-dose radio-sensitivity
in U373-MG cells. As recently reported, the autophagic pro-
cess is involved and able to enhance radiation effects in human
glioblastoma cell lines;” in particular, it has been demonstrated
that U373-MG, a well-established human glioblastoma cell
line, exhibited a low-dose resistant phenotype, while this behav-
ior was not observed in T98G cells.** First, in order to shed
light into a putative involvement of miR-17 in this differen-
tial radio-sensitivity, miR-17 levels were evaluated at 48 h p.t.
after a designed IR scheme, comprising low (1.2 Gy) and high
X-rays doses (5 Gy). As presented in Figure 7A, miR-17 showed
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Figure 5. Autophagosomal LC3-FP evaluation in T98G cells after rapamycin and miR-17 inhibitor/precursor administration. Ratio percentage between
vesicles area and cells areas (Aves/Atot [%]) and number of total vesicles (Ves, ) are calculated using the AUTOCOUNTER ImageJ Javascript tool as
described.* Results are obtained analyzing different DIC phase contrast-fluorescent photographs for a total of 30 T98G cells for each of the mentioned

a significant expression increase at the lowest radiation doses
(1.2 Gy; P < 0.001). Concordantly, ATG7 expression decreased
in correspondence of the lowest IR dose employed. According to
these results, to promote a radiosensitive phenotype in U373-MG
cells at low IR doses (1.2 Gy), AmiR-17 molecules (2.5 pM) were
transfected before IR treatment to induce the activation of the
autophagic process (Fig. 7A). At the end of the combined experi-
mental scheme, as previously described, miR-17 levels signifi-
cantly decreased after AmiR-17 administration, independently
of the IR treatment employed, compared with mock IR treated
samples. Accordingly, a significant increase of ATG7 expression
was scored at the different IR doses compared with their respec-
tive not-transfected mock samples: in particular, the 1.2 Gy/
AmiR-17 combined treatment induced a significant upregulation
of ATG7 expression (P < 0.001). Importantly, AmiR-17 trans-
fection induced a significant surviving fraction (SF) decrease in
U373-MG cells when irradiated with 1.2 Gy (2 < 0.001), show-
ing a massive reduction of re-plating efficacy (Fig. 7B; Table S2).

Discussion

In chis study, it is originally reported that miR-17 can regulate
ATG7 expression in glioblastoma-derived cell lines, activat-
ing the endogenous autophagic process. To date, an increasing
number of miRNAs are being discovered as key regulators of
many different cellular processes, in particular those related to
autophagy death in cells of different tumor, like melanoma,?”
hepatocellular carcinoma,® myelogenous leukemia,” colon,
cervical," and breast cancer;* however, to date, only few reports
identified miRNA sequences (i.e., miR-30a, miR-21, and miR-
10b) directly involved in the regulation of the autophagic pro-
cess in glioma cells.** Among oncogenic miRNAs, one of the
best-characterized is miR-17-92, a polycistronic miRNA cluster,
designated as OncomiR-1.# The precursor transcript contains
six tandem stem-loop hairpin structures that ultimately yield
six mature miRNAs: miR-17, miR-18a, miR-19a, miR-20a,
miR-19b-1 and miR-92-1.%¢ In particular, human OncomiR-1 is
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located at 13q31.3, a region amplified in several hematopoietic
malignancies and solid tumors, including diffuse B-cell lym-
phomas, follicular lymphomas, Burkitt lymphomas, and lung
carcinoma.?’

Recent findings indicate that these miRNAs are integrated
components of the molecular pathways that regulate tumor
development and tumor maintenance.®® In detail, miR-17 has
been associated with the regulation of many genes involved in
G,/S-phase cell cycle boundary.” Transcriptome analysis in
human GBMs showed that miR-17, together with miR-20, is
upregulated in high grade tumors, with a higher miR-17 expres-
sion correlating with increased patients’ survival.®! In addition, a
lower expression of E2F1, a miR-20 target, and cyclin DI, a tar-
get of both miR-20 and miR-17, was found associated with longer
survival outcomes in other cancer patients.?>*

Within several human autophagic genes, our bioinformatics
predictions identified A7GY as a bona fide miR-17 target, having
multiple potential miR-17 complementary sites in the 3-UTR
of its transcript. Importantly, ATG7 is one of the master regula-
tors of the autophagy process, responsible for two major reactions
involved in autophagosome formation and in vesicle progression.*
Moreover, it was already established that A7/~ knockout mice
die within one day from birth and show reduced pup size, due to
an impaired autophagy pathway. Through the use of mimic and
antagomir molecules, we demonstrated that miR-17 was able to
modulate autophagy varying endogenous ATG7 expression lev-
els, and this effect was mediated via a miR-17 consensus sequence
contained in the 3'-UTR of the gene. The role of miR-17 in the
regulation of ATG7 expression was evidenced by our experiments
showing that transfection of T98G glioblastoma cells with the
miR-17 mimic resulted in a decrease of ATG7 protein expres-
sion and, in parallel, in a reduction of the activity of a reporter
gene plasmid containing the consensus sequences for miR-17. By
contrast, in the absence of the miR-17 consensus sequence, the
inhibitory effect of miR-17 on the reporter activity was abolished.
Furthermore, we showed that transfection of T98G cells with
miR-17 antagomir molecules caused an increase in ATG7 profile,
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Figure 6. Combined effects of TMZ and miR-17 inhibitor (AmiR-17) treatment on short/long-term viability and ATG7/LC3B protein expression in

T98G cells. T98G cells are transfected with AmiR-17 (2.5 wM) and, after 24 h, treated with TMZ (0-250-500 M). (A) Short-term viability in T98G cells is
evaluated using MTT assay after 48 h p.t. (B) For T98G long-term viability a clonogenic assay is performed after a 2-week culturing condition. Statistics
(number of clones and mean of each treatment) are reported in Table S1. (C) ATG7 and LC3B expression are evaluated by immunoblotting. For densi-
tometric analysis, LC3B-Il expression levels are calculated normalizing LC3B-II to B-actin expression, according to the current autophagy guidelines.*

providing additional evidence for a possible role of miR-17 in
controlling ATG7 expression. Consequently, we observed that
miR-17-mediated decrease of ATG7 had an inhibitory effect on
autophagy, showing lower level of LC3B-II expression and, con-
versely, miR-17 inhibition lead to the activation of the autoph-
agy process, inducing higher level of the LC3B-II expression.
This effect was further confirmed with the use of Bafilomycin
Al (BafAl), as suggested for proper autophagy assays interpre-
tations.”® In fact, BafAl, a proton pump inhibitor, raises the
lysosomal pH, preventing fusion with autophagosomal compart-
ment, inducing an LC3B-II increase in presence of an autophagic

www.landesbioscience.com

flux. Moreover, in line with these observations, miR-17-mediated
autophagy regulation was comparable with the effects of rapamy-
cin. This compound is a PI3K/Akt/mTOR pathway inhibitor,
therefore a well-established autophagy inducer. We reported that
the rapamycin-induced upregulation of the autophagic mark-
ers (LC3B-II and ATG7) was similar to the induction after
anti-miR-17 administration; the molecular interfering effect of
miR-17 might be directed to antagonize ATG7 El-like activity,
responsible for ATG12-ATGS conjugation and LC3B activation,
both processes necessary for autophagic vesicles elongation.? On
the contrary, an additive effect of rapamycin and anti-miR-17
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Figure 7. Combined effects of IR and miR-17 inhibitor (AmiR-17) treatment on miR-17/ATG7 expression and on long-term viability in U373-MG cells.
(A) U373-MG cells are transfected with AmiR-17 (2.5 M) 48 h before IR administration (0-1.2-5 Gy). miR-17 and ATG7 protein expression are evaluated
by means of real-time quantitative PCR and immunoblotting/densitometric analysis, respectively. Results are normalized to mock untreated samples.
(B) For U373-MG long-term viability a clonogenic assay is performed after a 2-week culturing condition. Statistics (clones number and mean of each

treatment on the overall autophagy status was not highlighted,
probably due to other processes activated by the cells to counter-
act an excessive activation of the autophagy process itself. The
miR-17-mediated activation of autophagy, through the formation
of autophagosomes, was also scored in T98G living cells, trans-
duced with the Premo Autophagy Sensor (LC3B-FP) BacMam 2.0
system and subsequently analyzed with the AUTOCOUNTER
Image] Javascript tool.” As a result, T98G cells treated with miR-
17 inhibitor scored an increase in the surface amount of punctate
fluorescent vesicles, suggesting a LC3B-FP protein accumulation
in nascent autophagosomes.”

Next, autophagy induction due to miR-17 downregulation
was assayed as an adjuvant strategy to current in vitro chemo- and
radio-therapeutic schemes. In standard clinical protocols, brain
tumor resection has to be followed by radiation therapy and che-
motherapy with alkylating drugs, mainly TMZ and by a combi-
nation of them. Unfortunately the patients” prognosis is still poor,
since most of the patients had recidivist tumor forms and their
tumor cells showed an intrinsic resistance to radio- or chemo-
therapy death induction’® To this regard, very recently, Gwak
et al.*® demonstrated that miR-21, which plays an anti-apoptotic
role in cancer, was a target molecule for radio-sensitization of gli-
oma cells. The authors reported a radiation-induced modulation
of miR-21 endogenous levels, and that its expression correlated
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with a radio-resistance phenotype in different glioma cell lines.
In order to perform in vitro studies to modulate chemotherapy
and IR resistance, two different human glioblastoma cell lines
were assayed: T98G as TMZ resistant®” and U373-MG as radio-
resistant cells.”’ Importantly, many evidences reported that both
treatments lead to autophagy activation®*¢>"? and that, a fur-
ther activation of the autophagy process, by means of drugs like
rapamycin or cannabinoids, lead to an enhanced sensitization
of glioblastoma cells to chemotherapy and IR treatments.” We
observed that the in vitro combination of miR-17 inhibition and
TMZ treatment was highly effective in a relatively long period of
cell culture time, further decreasing the threshold resistance at
low TMZ doses in T98G cells. Similarly to the above mentioned
results comparing anti-miR-17 and rapamycin administration,
TMZ and miR-17 inhibition did not display a cumulative effect
on the expression of the investigated autophagy markers LC3B
and ATG7. Importantly, it was proved that the autophagic pro-
cess activated by miR-17 inhibition in U373-MG cells sensitized
them to a low IR dose treatment scheme, sensibly decreasing their
long-term viability. Within these radiation treatment schemes,
differences in miR-17 expression were identified. Specifically, a
significant increase of miR-17 expression was observed at 1.2 Gy
(low dose), but not at 5 Gy (high dose), thus, suggesting that
miR-17 expression might be a factor involved in the low dose
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radio-resistance phenotype in U373-MG cells. Altogether these
results showed that the activation of the autophagy process by
means of a downregulation of endogenous miR-17 levels might
be therapeutically beneficial, enhancing the in vitro effect of
TMZ and radiation treatments. In conclusion, miR-17 was con-
firmed as an effective key regulator in important cellular path-
ways, such as the autophagy process. In particular, it was here
originally reported that miR-17 can regulate ATG7 expression
in glioblastoma-derived cell lines, modulating the endogenous
autophagic process. Subsequently, the molecular interference on
miR-17 expression was also successfully applied in two experi-
mental pre-clinical therapeutic strategies using TMZ and ion-
izing radiation. The identification of miR-17 as one of the actors
in regulating autophagy and radio-resistance might provide novel
therapeutic hints for future treatment of malignant glioblastoma.
However, since miRNAs might control the expression of several
targets, further studies will be needed to better clarify the molec-
ular circuits interested by miR-17 modulation.

Materials and Methods

Computational identification of miRNA targeting autophagy
genes. The miRWalk algorithm (www.umm.uni-heidelberg.
de/apps/zmf/mirwalk/index.html) was used to predict miRNA
sequences that might regulate the expression of human A7Gs.
miRWalk integrates different parameters of common miRNA-
specific target prediction programs, like DIANAmT, miRanda,
miRDB, PICTARS5. A minimum seed length of 7 nucleotides
and a P value of 0.05 between microRNA and target gene was
considered as a significant prediction threshold. Sequence align-
ments between microRNA and ATGs were performed using
miRanda (www.microRNA.org) algorithm and their signifi-
cance were measured by mirSVR scores according to Betel et al.??
TargetScan microRNA tool (www.targetscan.org) was used to
further classify the probability of putative miR-17/ATG7 bind-
ing sites, using the P . ranking score as recommended."

Cell cultures and chemicals. T98G and U373-MG estab-
lished human malignant glioma cell lines (ECACC) were cul-
tivated in D-MEM medium supplemented with 10% FBS,
100 units/ml penicillin, 0.1 mg/ml streptomycin and 1% L-glu-
tamine (Invitrogen, Life Technologies), at 37 °C and 5% CO,
atmosphere. Cells were cultured two days before treatments.
Bafilomycin Al was used as a lysosomal inhibitor, added 6 h
before cell harvesting at 10 nM concentration TMZ and rapamy-
cin were employed as chemotherapeutic agent and autophagy
inducer, respectively. All these reagents, provided by Sigma, were
dissolved in dimethyl sulfoxide (DMSO, Sigma) and diluted in
culture medium to the appropriate concentration.

Plasmid constructs and luciferase assay in T98G cells. A
portion of 969 bp fragment of human ATG7 3"-UTR sequence
(GenBank acc. NM_006395) was amplified from genomic DNA
using primers ATG7FOR (CCTAGACTAG TCATGGGGAC
ACAGCCGGCA C) and ATG7REV (CCTAGGAGCT
CTGGCACTGG GTGAAAGGTC GG) (30 cycles at 94 °C x
15 sec; 62 °C x 20 sec; 72 °C x 60 sec) and then subcloned into
the Spel and Sacl sites into pMIR-REPORT vector (Ambion,
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Life Technologies), thus originating pMIRATG7wt plasmid. A
three-point mutation was then introduced into the seed region
of miR-17/ATG7 putative interacting sequence (see Fig. 1) using
primers MIRMUTFOR (5-CCCACCCAGC CTGGCGCCAG
AACTGCACAC GTACACTATG TGG) and MIRMUTREV
(5-CCACATAGTG TACGTGTGCA GTTCTGGCGC
CAGGCTGGGT GGG), according to a Dpnl mediated site-
directed mutagenesis protocol (Quick-Change Site Directed
Mutagenesis, Stratagene), producing the pMIRATG7MUT
plasmid. Constructs were all sequence verified. T98G cells were
transfected with 1 wg of each plasmid, using a Lipofectamine
2000 protocol (Invitrogen, Life Technologies). Luciferase activ-
ity assay was performed in 96-well plates in presence of 1000 cells
and 100 pl of MISSION LightSwitch Luciferase Assay Reagent
(Sigma). After a room-temperature incubation of 30 min, 6-fold
replicated samples were read for 4 sec using a luminometer
(Perkin Elmer Microbetatrilux 1450 LSC) at 24 and 48 h p.t.
Results expressed as Relative Luciferase Units (RLU) were nor-
malized to pMIR-REPORT vector (vehicle) transfections.

ATG7 and miR-17 immunoprecipitation (RIP-Assay)
in T98G cells. The RIP-Assay kit for microRNA (MBL) was
employed following the manufacturer’s specifications. Briefly,
fresh cellular extracts from T98G cells (7.5 x 10°) were co-immu-
noprecipitated overnight at 4 °C with 20 pg of RIP-certified
anti-EIF2C2/AGO2 mouse monoclonal antibody (MBL), one
of the RISC protein components, previously conjugated with
Sepharose Protein A or G beads (Amersham Biosciences, GE
Healthcare). Rabbit IgG and input-alone (mock) were used
as negative controls. ATG7 and miR-17 expression levels were
evaluated after total RNA isolation from antibody-immobilized
Protein A or G agarose beads-RNP complexes by Real-time PCR
using custom-validated Taqman assays (Applied Biosystems, Life
Technologies). Results, represented by 3 independent experi-
ments, were normalized to mock samples.

miRNA-17 modulation and rapamycin-mediated autophagy
induction. To modulate miR-17 expression, T98G glioblas-
toma cells were transfected using NEON Transfection System
(Invitrogen, Life Technologies), according with the manufactur-
er’s instructions. 3 x 10° cells were transfected with specific miR-
17 inhibitor (AmiR-17, 2.5 wM) or miR-17 precursor (PmiR-17,
2.5 wM) molecules, both provided by Applied Biosystem (Life
Technologies) or with mock solution alone. After transfections,
cells were seeded into 6-well plates and incubated for RNA and
protein analysis.

For rapamycin-mediated autophagy induction in T98G
cells, the compound was employed as previously described.”
Specifically, rapamycin was added at different concentrations
(50-100 nM), 48 h after transfection of AmiR-17 or PmiR-17
molecules. Transfected cells were incubated for 24 h in 6-well
(for protein and RNA analysis) or in 96-well flac-bottom plates
(for LC3B-FP expression analysis).

LC3B-FP expression analysis and autophagosome quan-
titative analysis. For autophagy detection, T98G cells, seeded
at 1 x 10° into 96-well plates, were transduced with BacMam
LC3B-FP or BacMam LC3B(G120A)-FP viral particles (MOI =
30), according with the Premo Autophagy Sensor Kit (Invitrogen,

Cancer Biology & Therapy 583

©2013 Landes Bioscience. Do not distribute.



Life Technologies). After 24 h, AmiR-17 or PmiR-17 were trans-
fected (both at 2.5 wM) and combined with rapamycin (50-100
nM) administration. After an additional 24 h, LC3B-FP and
LC3B(G120A)-FP signals were monitored using an inverted
fluorescence microscope (Eclipse Nikon TS100). DIC phase con-
trast-fluorescent photographs (40x magnification) were collected
and analyzed.

To quantify the LC3B-FP puncta per cell in an unsupervised
manner, the AUTOCOUNTER specific software was used.”
Briefly, the program analyzed DIC phase contrast-fluorescent
photographs with operator-defined cells contours; then, the
number of intracellular fluorescent spots (Ves_) and their areas
percentage within the cell (A_/A_) were calculated by an oper-
ator-independent algorithm. Results were obtained analyzing a
total of 30 T98G cells for each of the mentioned mock, rapamy-
cin, AmiR-17/PmiR-17 treatments.

TMZ and IR treatments. TMZ was added at different con-
centrations to T98G cells, 24 h after transfection with AmiR-17
or PmiR-17 molecules. For protein and RNA analysis, TMZ was
used at 250-500—750 wM concentrations, as well as for short-
term viability; for long-term viability, only 250-500 wM con-
centrations were employed. For IR treatment, 3 x 10° U373-MG
glioblastoma cells seeded into 25 cm? culture flasks were irradi-
ated 48 h after AmiR-17 (2.5 pM) transfection and then placed
in a water phantom for dose homogeneity. Cells were irradiated
with a 6-MV X-ray linear accelerator (Varian Clinac 600) at a
dose-rate of 244.5 cGy/min, with 1.2 and 5 Gy.

Viability and clonogenic survival assays. To evaluate the
short-term viability, the CellTiter 96 AQueous One Solution
Cell Proliferation Assay (Promega) was employed. After trans-
fection, T98G cells were plated into 96-well plates at a density
of 1.5 x 10° cells per well. After 48 h of incubation with TMZ
(250-500-750 wM), cells were tested for viability. CellTiter 96
Aqueous One Solution Reagent was added to the culture volume
and incubated at 37 °C for 3 h; then, absorbance was measured
with a microplate reader (Titertek Multiskan) at 490 nm wave-
length and results were expressed as percentage of cell viability.
Three replicas were performed for each sample.

To evaluate plating efficiency, a clonogenic survival assay was
performed as described by Palumbo et al.** Briefly, 48 h after
TMZ (0-250-500 wM) or IR treatments (0-1.2-5 Gy), cells
were trypsinized and seeded into 6-well plates (2 x 10% cells per
well), incubated for two weeks at 37 °C and then fixed with etha-
nol. Cells were stained with 0.5% Crystal Violet (Sigma), and
colonies that contained more than 50 cells were automatically
counted using a clono-counter software;* the number of clones/
well was calculated and normalized to the corresponding control
samples. Each experiment was performed in triplicate.

Immunoblotting analysis. To evaluate the expression of
autophagy markers ATG7 and LC3B, cells were collected
and lysated in ice-cold RIPA buffer (150 mM NaCl, 50 mM
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TRIS-HCI pH 8.0, 0.5% sodium deoxycholate, 1% Nonidet
P-40, 0.1% sodium dodecylsulphate), supplemented with
Complete Mini protease inhibitor cocktail 7X (Roche). Then,
cell extracts were added with Laemmli sample buffer (2% SDS,
6% glycerol, 150 mM B-mercaptoethanol, 0.02% bromophenol
blue and 62.5 mM TRIS-HCI pH 6.8), denatured for 5" at 95 °C
and loaded on 12% SDS-PAGE gels. After electrophoresis, pro-
teins were transferred onto nitro-cellulose membrane Hybond-C
Extra (GE Healthcare), using the semi-dry blotter TE70 PWR
apparatus (GE Healthcare). Membranes were blocked 1 h with
8% non-fat milk in TBS (138 mM NaCl, 20 mM TrisOH,
pH 7.6) containing 0.1% Tween 20 and incubated over-night
at 4 °C with primary antibodies. Anti-B-Actin (for internal and
loading control), anti-ATG7 and anti-LC3B primary antibodies
were employed (Cell Signaling Technology, 1/2000 dilution).
Species-specific peroxidase-labeled ECL secondary antibodies
(Cell Signaling Technology, 1/4000 dilution) were used. Protein
signals were revealed using the ECL Advance Western Blotting
Detection Kit (GE Healthcare). Protein expression was quan-
tified by densitometric analysis with Image] software (http://
rsbweb.nih.gov/ij/) according to the guidelines.

Real-time PCR expression analysis. Total RNA from T98G
and U373-MG cells was extracted 48 h after transfection using
the Trizol reagent (Invitrogen, Life Technologies), according
to the manufacturer’s instructions. After RNA quantitation
(Quant-it RNA Assay, Invitrogen, Life Technologies), cDNA
synthesis was performed using the High Capacity cDNA Archive
kit (Applied Biosystems, Life Technologies). The quantitative
relative expression of A7G7 was performed using a custom-
specific Tagman Assay (Applied Biosystems, Life Technologies).
Differently, miR-17 was retro-transcribed using a sequence-spe-
cific hairpin-primer and amplified with a TagMan MicroRNA
Assays (Applied Biosystems, Life Technologies). Real-time
PCRs were performed using 250 ng of each cDNAs and using a
DNA Engine Opticon 2 (M] Research) platform. Samples were
subjected to 40 amplification cycles of 95 °C for 15 min and
60 °C for 1 min.

Statistical analysis. Statistical analyses were performed using
ANOVA l-way tests. Results represent the mean of at least three
independent experiments. All P values lower than 0.005 were
considered statistically significant.
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